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Abstract
Objectives: The aim of this study was to compare microradiography (MR) and microcomputed
tomography (lCT) analysis of bone samples following maxillary sinus augmentation at different
time periods and determine the relationships between measured area and volume fractions.
Materials and methods: Lateral window sinus grafts were performed on 10 patients using a
mineralized human bone allograft (MHBA). At implant placement, 5–13 months after surgery, 10
bone core biopsies were harvested. Prior to histologic sectioning, bone samples were evaluated
with lCT. The morphometric parameters computed by MR and lCT were compared using Pearson’s
correlation and Bland and Altman analysis and included hard tissue fraction (HV/TV:%), soft tissue
fraction (SV/TV:%), vital bone fraction (BV/TV:%) and residual graft fraction (GV/TV:%).
Results: Strong positive correlation between MR and lCT was found for HV/TV and SV/TV and
BV/TV [r = 0.84, 0.84 and 0.69, respectively] but weak for GV/TV [r = 0.10].
Conclusion: lCT technology shows promising potential as an indicator of bone morphology
changes; however, caution should be used in interpreting morphometric parameters, as the
different methods reveal important biases.
The human maxillary sinus is one of the most
intensely studied anatomic regions with
regard to placing dental implants. Systematic
reviews suggest that the survival rate of
implants placed into augmented sinuses is the
same as that of placed in native bone of maxil-
lary posterior areas (Wallace & Froum 2003;
Del Fabbro et al. 2004; Aghaloo & Moy 2007;
Chiapasco et al. 2009). Regardless of the mate-
rial used for augmentation, the structure of
the graft after healing must provide a micro-
architecture that allows a sufficient implant
anchorage through osseointegration (K€uhl
et al. 2010). Traditionally, bone histomorph-
ometry has been employed to evaluate the
trabecular architecture by extrapolating
two-dimensional (2D) measurements to three-
dimensional (3D) space (Parfitt et al. 1987). A
limitation of this method is that the samples
are destroyed in the process, preventing the
specimens from being used for other assess-
ments (Yeom et al. 2008). Moreover, the dis-
tribution of cancellous bone is heterogeneous,
and bone histomorphometry analysis is
restricted to only 2D fields of view (Bonnet
et al. 2009).
Recently, microcomputed tomography
(lCT) system has attracted increasing atten-
tion in bone tissue engineering as a powerful
non-destructive diagnostic tool that allows
exploring the microstructure in a 3D manner.
lCT has been used in several recent human
studies to quantify newly formed bone and
residual graft material in human biopsy spec-
imens sampled after sinus floor elevation
(Trisi et al. 2006; Stiller et al. 2009; Chackar-
tchi et al. 2010; Chappard et al. 2010; K€uhl
et al. 2010, 2013; Caubet et al. 2011; Emam
et al. 2011; Huang et al. 2011).
Because lCT is a relatively new technique,
the procedures and application utilized to
elucidate the integration of bone regeneration
materials in 3D bone architecture are not yet
fully standardized (Stiller et al. 2009). To
establish lCT as a method for evaluation of
the remodeling of biomaterials after grafting
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procedure, the method has to be validated by
evaluating a certain number of bone biopsy
specimens and comparing those results to
the gold standard which remains histological
imaging.
In a previous study, conventional histology
was used to examine the effect of mineral-
ized human bone allograft (MHBA) on bone
formation at 6 and 9 months after sinus floor
augmentation (Soardi et al. 2011). Microradi-
ography (MR) was used to determined histo-
morphometrically bone area fractions and
residual graft area fractions in each biopsy
specimen. MR is an imaging technique using
X-rays that provides a high-resolution picture
of a histologic section. It is commonly utilized
to measure mineral distributions (calcium,
phosphate) and mineral amounts of carious
lesions in enamel and dentin (Josselin et al.
1997). The technique has shown to detect
bony boundaries with accuracy (Schortinghuis
et al. 2003). However, the inherent limitation
of this method is that the evaluation of regen-
erated bone and residual graft volume was
based on 2D measurements of a selected area
within the sample. Therefore, we hypothe-
sized that analysis of the entire sample by lCT
might reveal new information concerning new
bone and residual graft volume. Although sev-
eral studies have compared results obtained by
histomorphometry and lCT in relation to
bone specimens (Ito et al. 1998; M€uller et al.
1998; Laib & Ruegsegger 1999; Chappard et al.
2005; Hedberg et al. 2005; Gielkens et al.
2008; Gonzalez-Garcıa & Monje 2012a,b;) and
in assessing osseointegration and bone forma-
tion around implants (Park et al. 2005; Liu
et al. 2011; Bernhardt et al. 2012,), no human
studies have validated the lCT quantification
of regenerated bone following grafting proce-
dure. The present study aimed to compare MR
with lCT of bone cores harvested from regen-
erated maxillary sinuses after different periods
of healing and determine the relationships
betweenmeasured area and volume fractions.
Materials and methods
Study design
Ten patients (three women and seven men,
between 27 and 71 years of age) were selected
from a pool of subjects requiring maxillary
sinus augmentation for the placement of
delayed posterior implants. All patients were
partially or totally edentulous and in need of
unilateral maxillary sinus augmentation. The
recruitment and active treatment period was
October 2010–November 2011 and carried
out by the same operator (C.M.S) in a private
dental office in Brescia, Italy. Patients were
systemically healthy; they did not smoke nor
take any medications. Additional inclusion
criteria were absence of sinus disease and
<1 mm of crestal bone height of the sinus
floor, as measured on the serial section of the
CT scan.
The study was conducted following the
ethical principles founded in the Declaration
of Helsinki (Puri et al. 2009); a written con-
sent form was obtained from all eligible
patients.
Surgical procedures
A pre-operative panoramic radiograph and a
CT scan (at increasing depth of 1 mm inter-
vals) of the maxilla were taken for each
patient. The width of the sinus was evaluated
in the CT section corresponding to the posi-
tion where the implant was to be inserted
based on the prosthetic treatment plan. The
sagittal CT section was identified using a
diagnostic template, coated with radiopaque
material. The distance between the palatal
and buccal wall was measured 10 mm crani-
ally to the residual bone crest using a radio-
graphic software (3 Diagnosis 3.0, 3DIEMME
S.r.l., Cantu, Como, Italy) in order to place
sufficient bone graft material to accommo-
date at least a 10 mm implant.
Maxillary sinus augmentation and post-
operative care were performed as described in
a previous publication (Soardi et al. 2011).
Five to 13 months after sinus augmenta-
tion procedures, patients returned for implant
surgery. At the time of surgery, local infiltra-
tion of anesthetic with an epinephrine con-
centration of 1 : 100,000 was administered
(Ultracain 3DIEMME D-S, Sanofi-Aventis
Deutschland GmbH, Frankfurt am Main,
Germany). A full-thickness crestal incision
was made slightly toward the palate, and a
buccal full-thickness flap was reflected to
(a) (b) (c) (d) (e)
Fig. 1. Representative image showing the labeling method for lCT quantification. (a) MR of a histologic section of bone sample of maxillary sinus floor augmented by MHBA
5 months after healing. (b) The corresponding lCT slice in gray-scales of the by a manual scanning procedure. (c) 3D visualization of the corresponding lCT slice: hard tissue
phase represented by yellow surfaces and residual graft by white surfaces, (d) vital bone phase represented by yellow surfaces and (e) residual graft phase represented by white
surfaces.
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expose the residual bone crest. A trephine
drill with external diameter of 4 mm and
internal diameter of 3 mm (Stroma GmbH,
Emmingen-Liptingen, Germany), under a sal-
ine irrigation at 600 rpm, was utilized (up to
10 mm) to collect bone core specimens
before implant insertion (Tapered Screw
Vent, Zimmer Dental Inc., Carlsbad, CA,
USA). A total of 10 osseointegrated implants
were placed, one in each patient. The bone
core specimens were collected with the assis-
tance of surgical guides that were based upon
the individual prosthetic requirements.
Retrieved bone core samples were marked on
their crestal aspects and immediately fixed in
4% paraformaldehyde (Fluka, Sigma-Aldrich
Schweiz, Buchs SG, Switzerland) in 0.1 M
phosphate buffer pH 7.2 for 4 h at room tem-
perature. Samples were washed with the buf-
fer and dehydrated through an ethanol series.
lCT
Bone samples were examined by one operator
(G.T.) with a lCT machine called TOMOLAB
(ELETTRA Synchrotron Light Laboratory,
Trieste, Italy). The device was equipped with a
sealed microfocus tube, which guaranteed an
X-ray energy range of 40 kV and a current of
200 lA. As a detector, a CCD digital camera
was used with a 49.9 9 33.2 mm2 field of
view and a pixel size of 12.5 9 12.5 lm2. The
samples were positioned onto the turn-table
of the instrument, and acquisitions were per-
formed with the following parameters: dis-
tance source-sample (FOD), 100 mm; distance
source-detector (FDD), 400 mm; magnifica-
tion, 4 9; binning, 2 9 2; resolution of
8.33 lm in all three dimensions; tomogra-
phies dimensions of 1984 9 1984 9 1024 pix-
els; and slices dimensions of 265 9 265 (range
of slices from 465 to 1149). The slices recon-
struction process achieved by means of com-
mercial software (Cobra Exxim, Pleasanton,
CA, USA) started once the tomographic scan
was completed, and all the projections were
transferred to the workstation. Input projec-
tions and output slices were represented by
files (one file per projection and one file per
slice) using arrays of 16-bit integers.
Microradiography
After lCT analysis, the cylindrical bone sam-
ples were dehydrated and embedded in poly-
methyl methacrylate (PMMA) using a water
bath at 4°C as described elsewhere (Bertoldi
et al. 2008). Each PMMA block was serially
sectioned along the longitudinal axis of the
cylindrical bone samples to their center using
a diamond saw microtome (SP1600, Leica
Micro-system, Wetzlar, Germany). A thick
section (200 mm) was obtained from the cen-
ter of the bone cores using the diamond saw
microtome. Each section was reduced to
100 mm by grinding, perfectly polished with
emery paper and alumina, and then microra-
diographed (3K5, Italstructures, Riva del
Garda, Trento, Italy) at 15 kV and 10 mA on
high-resolution film (SO 343, Eastman Kodak
Co., Rochester, NY, USA). The MRs and the
sections were analyzed and photographed by
the same operator (D.Z.) using a microscope
(Axiophot, Carl Zeiss AG, Oberkochen,
Germany) under ordinary light. The amount
of total tissue (TV: mm2), hard tissue (HV:
mm2), soft tissue (SV: mm2), vital bone (BV:
mm2), residual graft (GV: mm2) and hard tis-
sue surface (HS: mm) was measured on the
MRs using a program for image analyzer and
software (AnalySIS, Soft Imaging System
GmbH, M€unster, Germany). Then, the follow-
ing amounts of tissue components were
obtained: hard tissue fraction (HV/TV:%), soft
tissue fraction (SV/TV:%), vital bone fraction
(BV/TV:%) and residual graft fraction (GV/TV:
%).
Visualization and analysis procedures for lCT
quantification
The complete lCT data set was loaded into a
workstation and evaluated with Amira (ver-
sion 5.5.2, Mercury computer Systems,
Chelmsford, MA, USA) by the same operator
(E.C.). The first step was to separate the object
from the background: this was done by select-
(a) (b)
(c) (d)
Fig. 2. Hard and soft tissue segmentation: (a-c) slices in gray-scales and (b-d) 3D visualization of the corresponding
tissue.
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ing a cylindrical volume of interest (VOI) with
the dimension of the bone sample in the vir-
tual image data. This VOI excluded voxels
outside this region and replaced them by the
zero level port. The gray value image stacks
acquired from the lCT were examined section
by section. Then, the tissue structures of
interest were manually labeled with the
“segmentation editor” tool in Amira, at best
visual agreement with the histologic informa-
tion (Fig. 1). In this process, any group of vox-
els belonging to a particular tissue structure
was given a unique label resulting in a stack
of label images corresponding to the underly-
ing lCT images. Four different kinds of tissues
were recognized: hard tissue (the mineralized
part of the sample, which included the vital
bone and residual graft), vital bone, soft tissue
(the unmineralized part of the sample) and
residual graft (Figs. 2a-c and 3a-c). These label
images were subsequently used to reconstruct
polygonal surface models (Figs. 2b-d. and
3b-d). The “MaterialStatistics” tool in Amira
quantified the surface and volume of each
labeled structure. From these measures, the
total amount of tissue (TV: mm3), hard tissue
(HV: mm3), soft tissue (SV: mm3), vital bone
(BV: mm3), residual graft (GV: mm3) and hard
tissue surface (HS: mm2) were calculated. To
be able to compare samples with different
sizes, the normalized indices HV/TV (%), BS/
TV (mm1), BV/TV (%) and GV/TV (%) were
used.
Statistical analysis
Descriptive statistics were used to present
data obtained by the two different methods.
A Mann–Whitney U-test and Pearson’s corre-
lation analysis were then performed; P < 0.05
was considered statistically significant. To
assess the degree of agreement between MR
and lCT, we compared the results using the
analysis of Bland & Altman (1986), as previ-
ously used by Gielkens et al. 2008 and Yeom
et al. (2008). The statistical analyses were
performed using SPSS 19.0 for Windows
(SSPS, Inc., Chicago, IL, USA) and XLSTAT
2012.4.01 for Mac OS (Addinsoft, Paris,
France).
Results
Clinical findings
Primary wound closure was observed after
the first and the second operations (sinus
augmentation and implant placement sur-
gery) and during the follow-up. All the 10
implants healed submerged without any
exposure. Five to thirteen months after sinus
augmentation procedures, all patients had
sufficient bone levels for the placement of
the implants and with adequate primary sta-
bility. No implant failures were noted up to
the time of the completion of this manu-
script (1 year after implant surgery). Biopsies
varied in length between patients.
Microradiography
The descriptive statistics of the MR tissue per-
centages are shown in Table 1. Five to thirteen
months after healing, the biopsies showed a
composite formed by MHBA particles and
(a) (b)
(c) (d)
Fig. 3. Residual graft and vital bone segmentation: (a-c) slices in gray-scales and (b-d) 3D visualization of the corre-
sponding tissue
Table 1. Descriptive statistics of data obtained with the two applied methods
n = 10; 5–13 months after healing
Morphometric parameters Mean Median SD Min Max
lCT HV/TV (%) 56.96 56.84 13.03 31.04 77.17
MR HV/TV (%) 49.73 50.53 8.08 33.11 59.64
lCT SV/TV (%) 43.04 49.47 13.74 22.83 68.96
MR SV/TV (%) 50.27 49.47 8.08 40.36 66.89
lCT BV/TV (%) 37.2 34.65 13.41 17.82 57.92
MR BV/TV (%) 27.8 20.24 8.4 20.24 42.86
lCT GV/TV (%) 19.55 17.58 6.35 12.87 34.77
MR GV/TV (%) 21.95 19.47 7.99 11.52 35.57
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newly formed trabecular bone. The majority
of MHBA particles directly connected with
the newly formed bone whereas very few
ones surrounded by the fibrous tissue
(Figs. 4a,b).
lCT
The descriptive statistics of the lCT tissue
percentages are shown in Table 1. In all bone
biopsies samples, MHBA residual particles
were identified in the lCT slices due to their
higher gray values when compared with bone
(Fig. 5a) and easily reconstructed in a 3D
manner (Fig. 5b). Newly formed trabeculae
were noted with typical aspect of the tissue
with woven structure (Fig. 5c). The bone
completely surrounded the residual graft
(Fig. 5d).
Correlation and agreement of
histomorphometry and lCT
A summary of statistical results of Pearson’s
correlation and Bland and Altman analysis is
presented in Table 2 and in Fig. 6.
Discussion
Bone quality depends on the structural and
material properties of bone, which include its
microarchitecture (Felsenberg & Boonen
2005). Many clinical studies have established
the direct correlation between bone quality
and implant success rates (Cox & Zarb 1987;
Engquist et al. 1988). Studies evaluating new
bone substitutes by lCT employ morphomet-
ric parameters to assess bone microarchitec-
ture in regenerated implant sites. The aim of
this pilot study was to compare a 2D semi-
quantitative analysis obtained by MR with a
3D quantitative analysis assessed by lCT. In
particular, we studied the correlation and
agreement by comparing morphometric
parameters traditionally used in bone histo-
morphometry that were calculated from both
MR sections and the lCT entire data volume.
The current histomorphometric data of BV/
TV and GV/TV were in agreement with that
published recently (Soardi et al. 2011). When
evaluating the microstructure of bone sam-
ples, MR and lCT differ greatly according to
morphometric parameter measured. In fact,
although strong correlation was found for
HV/TV, SV/TV and BV/TV (r = 0.84, 0.84 and
0.69, respectively), weak association existed
for GV/TV (r = 0.10).
The correlation between bone histomorph-
ometry and lCT with regards to bone volume
fraction remains contradictory in literature.
Some studies have shown high correlation
(a)
(b)
Fig. 4. Representative image showing two MRs of a histologic section of bone samples of maxillary sinus floor aug-
mented by MHBA, 7 (a) and 10 (b) months after healing. Note in (a) the bone apposition occurring on the surface of
the residual particles. A network of newly formed bony trabeculae and scaffold degradation is shown in (b).
(a) (b)
(c) (d)
Fig. 5. lCT of bone sample harvested 6 months following maxillary sinus augmentation. (a) lCT slice in gray-
scales. (b) 3D visualization of the corresponding lCT slice: residual graft phase represented by white surfaces
(c) vital bone phase represented by yellow surfaces and (d) hard tissue phase represented by both yellow and white
surfaces.
Table 2. Relationships between data compared with Pearson’s correlation and Bland and Altman
analysis. Biases are expressed as percentages of the values on the axis
n = 10; 5–13 months after healing lCT vs. MR
Morphometric parameters r (%) p-value Bias (%) [95% CI]
HV/TV 0.84 0.218 11.88 [1.86, 21.90]
SV/TV 0.84 0.218 18.90 [34.79, 3.00]
BV/TV 0.69 0.218 25.11 [0.71, 49.52]
GV/TV 0.10 0.579 9.97 [38.26, 18.31]
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between hard tissue fraction values obtained
from histologic sections and lCT data sets
(Uchiyama et al. 1997; M€uller et al. 1998;
Cendre et al. 1999; Banse et al. 2002; Chapp-
ard et al. 2005; Thomsen et al. 2005)—and
the result of our study is not that far from
the previously reported findings—while other
studies revealed moderate correlation (Ito
et al. 1998; Tamminen et al. 2010).
Stiller et al. (2009) compared the validity of
histomorphometry to 2D slice and 3D entire
data volume obtained by synchrotron lCT
(SRlCT) from two bone biopsies harvested
after maxillary sinus elevation. A good agree-
ment between both methods was achieved in
assessing the bone area fraction, with only a
minor difference of 1.6%. In the present
study, we found an acceptable degree of
agreement between methods, with overesti-
mation of HV/TV (+11.88%) and BV/TV
(+25.11%) and an underestimation of SV/TV
(18.90%). It seems reasonable that these
major differences could be related mainly to
the greater number of samples utilized in the
present study.
The Bland and Altman plots revealed a
skewed distribution. In particular, the differ-
ences tended to be negative when the tissue
percentage was low, whereas positive when
it was high.
Although the discrepancy between the
applied methods to measure GV/TV was rela-
tively small, a non-significant weak positive
correlation was found, indicating no predic-
able relationship regarding this parameter.
An explanation for this inconsistency
could have methodical based reasons: in both
methods, it was complex to automatically
distinguish the exact borders between the
vital bone and MHBA particles, specifically
in those samples where the maturation phase
had reached an advanced stage in which the
radiolucency of the residual graft appeared to
be similar to the newly formed bone. This
phenomenon has been described before. For
instance, Schmitt et al. (2013) performed a
clinical investigation by comparing different
bone substitutes using MR and histology,
and they could not perform the quantifica-
tion of MHBA particles due to the similarity
in appearance of the transplant and the newly
formed bone. Likewise, Chackartchi et al.
(2010) reported that it was difficult to distin-
guish in the lCT image the exact borders
between the new bone and graft particles.
Chappard et al. (2005) pointed out that the
ratios of quantities expressed as a percentage
were more comparable between studies. They
showed that parameters reported in a given
unit could have suffered large variations
(a) (b)
(c) (d)
(e) (f)
(g) (h)
Fig. 6. (a, c, e and g) Relationships between MR and _CT used for measuring the HV/TV, SV/TV, BV/TV and GV/
TV with the line of equity (solid line). (b, d, f and h) The graphs display a scatter diagram of the differences of the
values plotted against the averages of the two applied methods. Horizontal lines are drawn at the zero value (solid
line), at mean difference describing the bias between the applied methods (dot-dashed line) and at the limits of
agreement (dashed lines) which are defined as the mean difference plus and minus 1.96 times the standard deviation
of the differences.
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because bone surface appeared to have a frac-
tal dimension under some limits. Further-
more, measurements could have been
modified by various factors, which included
the magnification, the structural elements
used by the software for calculations and the
different maturation status of the bone
samples.
Additional factors contributing to the qual-
ity of the quantitative lCT assessment are the
system resolution and the effect of the seg-
mentation on the morphometric parameters.
Although lCT slices have high resolution
(8.33 lm in all three dimensions) and a quasi-
histological appearance, the 3D quantification
performed with AMIRA showed important
disagreements when compared with MR mea-
surements. These biases may have originated
also for the process of obtaining threshold val-
ues during their calculation. Ding and cowork-
ers demonstrated that attention must be taken
when applying thresholds in generating 3D
data sets, if one is interested in an accurate
investigation of trabecular bone microstruc-
ture (Feldkamp et al. 1989).
M€uller et al. (1998) argued that the individ-
ualized threshold determination would make
quantitative analysis very difficult, and the
use of a uniform threshold was an adequate
procedure for the evaluation and differentia-
tion of both normal and osteoporotic human
iliac bone. In our present experiment, we
used an adaptive threshold to account for the
possible variations in density levels. It should
be noted that not only for different speci-
mens, but even within samples, a uniform
threshold approach is inappropriate for lCT
measurements (Ding et al. 1999; Ding &
Hvid 2000).
Scherf & Tilgner (2009) observed that gray
value variations in trabecular bone were an
important source of error in single threshold
segmentation as the results of single thres-
holding segmentation methods depend on the
attenuation properties of trabecular bone. For
instance, if the majority of the bone has rela-
tively high gray values, the threshold will be
inappropriately high for those areas with low
gray values and parts of these structures will
be disregarded in the segmentation. In con-
trast, regions with high gray values will be
enlarged when the majority of the bone has
lower gray values.
Our study is limited by the relatively low
number of biopsies (n = 10). However, signifi-
cant differences between the groups were
revealed for the majority of the morphomet-
ric parameters considered in the experiment.
A greater number of bone biopsy specimens
for gathering the required volume informa-
tion are necessary to verify whether our find-
ings are consistent. lCT may not be
applicable routinely in clinical practice for
now; this limitation creates a need to find a
relationship between this method and other
ones accessible to clinicians. Among the
pre-operative diagnostic tools to characterize
bone quality, cone beam computed tomogra-
phy (CBCT) grey levels have shown good cor-
relation (r = 0.77) with histomorphometric
bone density values assessed by MR (Soardi
et al. 2012).
In our study, only the central slice sec-
tioned along the longitudinal axis of the
cylindrical bone sample was utilized to assess
morphometric parameters. Bernhardt et al.
(2012) compared the results of bone–implant
contact (BIC) obtained by histological
sections and SRlCT. The authors illustrated
the fact that the selection of histologic sec-
tion may strongly influence the determined
BIC and that at least 3–4 histological sections
are necessary to represent the BIC for a sam-
ple. Hence, future studies should investigate
whether multiple sections analyzed histo-
morphometrically and compared with the
lCT entire volume data may improve correla-
tion and agreement of these morphometric
measurements.
Finally, one must keep in mind that cer-
tain biological events cannot be observed by
lCT, for example cell alignment, cell shape,
localization of proteins or enzyme detection.
Therefore, the biological information
obtained by histology should never be
neglected.
Conclusions
In conclusion, the present study suggests that
when evaluating micro-architecture to assess
bone quality in regenerated implant sites at
different maturation phases, the correlation
and agreement between MR and lCT varies
according to the morphometric parameter
measured. lCT technology shows promising
potential as an indicator of bone morphology
changes; however, caution should be used in
interpreting morphometric parameters, as the
different methods reveal important biases.
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